To improve the fuel efficiency and reduce automobile emissions, there has been growing demand of more durable alloys for engine components with the improved thermal and fatigue resistance. This study examined the effect of alloying elements on the high mechanical behavior of AlSiMg(Cu) casting alloys for cylinder heads. Depending on the alloying elements affecting the strength of the matrix, the thermal expansion coefficient decreased with increasing Mn and Cu content at high temperatures with a concomitant increase in the elastic modulus, hardness and tensile strength. Quantatative analysis showed that the mechanical properties of the Al 2 Cu precipitate hardened alloy were maintained at temperatures over 250°C, whereas the degradation of mechanical properties of the Mg containing alloy occurred at 170°C due to coarsening of the Mg 2 Si precipitation phase. The LCF (low cycle fatigue) lives decreased with increasing alloy content according to the Coffin-Manson relation due to the smaller elongation. On the other hand, an analysis of the fatigue lives with the hysteresis loop energy, which consists of both strength and elongation, showed that the fatigue lives were normalized with an alloy of the same strengthening mechanisms regardless of the test temperature.
Introduction
The recent legislative and environmental demands on the automotive industry have prompted automobile companies to produce lighter-weight fuel-efficient vehicles with lower emissions. The most effective way of producing a lightweight car is to apply light-weight materials, such as aluminum alloys. AlSiMg(Cu) casting alloys, as important light metals, are used widely in automotive components owing to their excellent mechanical properties and castability. 13) In recent years, diesel engines have become prevalent because of their low total emissions, and the combustion pressures of diesel engines have increased up to 20 MPa. Because many components used in automotive engines are subjected to complex loading cycles at high temperatures, 47) it is important to understand the loading mechanisms and damage accumulation, as well as increase the fatigue lives under given conditions. In addition, the microstructural parameters, i.e., the DAS (dendrite arm spacing), porosity, morphology of silicon and second phase particles, are very important parameters in the thermal fatigue and high temperature tensile properties. The aim of this study was to improve the high temperature mechanical properties of cylinder head materials with modified chemical compositions. This study evaluated the mechanical properties of aluminum casting alloys prepared using a permanent-mold gravity cast, and examined the effect of alloying elements, such as Cu, Si, Mg and Mn, on the tensile and fatigue behavior. A series of mechanical tests were conducted to evaluate the deformation resistance of AlSiMg(Cu) cast alloys, in which the chemical compositions were varied. Based on the experimental results, the durability of automotive engine parts can be increased by reinforcing the microstructure with minor changes in the process and alloying elements.
Experimental
Three types of AlSiMg(Cu) alloys for the cylinder head were cast using the permanent-mold gravity method. Table 1 lists the chemical composition and heat treatment steps of the alloys. All the alloy compositions and heat treatment schedules in this study were based on the mass production conditions of the cylinder heads in a motor company of Korea. Alloy A is similar to A356 (AC4CH) and alloy B is similar to A365 (AC4A). The T6 heat treatment was performed on both alloys to obtain the maximum strength because of the higher stress due to the increasing combustion pressures. On the other hand, alloy C is similar to A319 (AC2B) except a lower Fe content. The T7 heat treatment was used for alloy C due to the stability of the measurements of the final products. The high temperature physical and mechanical properties, such as the thermal expansion coefficient (Netzsch DIL 402PC), dynamic mechanical analysis (DMA, TA instruments Q800) and micro hardness measurements (Shimadzu DUH-W201S) were evaluated as a function of temperature. Cylindrical type specimens for the tensile and LCF tests were machined and polished longitudinally up to 2400 grit crocus cloth to remove the machining notch effect. Strain-controlled uniaxial LCF tests were carried out at a strain rate of 1 © 10 3 s 1 at 100 and 250°C using a dynamic Instron model 8861 machine. The tensile tests were carried out at a range of temperatures using an Instron machine. All the test results were recorded using a computer data acquisition system and analyzed under the conditions where cyclic softening and/or hardening were completed to achieve stable strain and stress. Figure 1 shows optical microscopy images of the cast AlSiMg(Cu) matrix with different Cu, Si, Mg and Mn contents after T6 (alloy A and B) and T7 (alloy C) heat treatments. The basic microstructure of the alloys consisted of primary ¡-Al dendrites with eutectic Si and intermetallic particles distributed between the ¡-Al dendrites to form a periodic cell pattern repeated across the metallographic surface. The DAS was reported to decrease with increasing solidification rate for a given alloy composition. 810) In this study, the lowest DAS value for gravity casting was approximately 23 µm in an Al7.0 mass% Si alloy, as shown in Fig. 1(a) . With the same solidification rate with 2.76 mass% Cu, the mean DAS was approximately 22 µm, as shown in Fig cooling rate of the 7.0 mass% Si alloy, as shown in Fig. 1 
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This was attributed to the undercooling effect 810) with increasing Mn and the decreasing freezing range of the alloy with increasing Si content. The addition of Ti provided finer ¡-Al formation, which helps restrict the growth of primary Si and intermetallic phases. 11, 12) Therefore, a finer DAS was achieved. In addition, by Sr modification, the shape of eutectic Si was spheroidized, and their sizes decreased considerably, as shown in Figs. 1(a) and 1(b), whereas a needlelike Si morphology was observed in the unmodified alloy, as shown in Fig. 1(c) . Figure 2 shows SEM (scanning electron microscope) images of the precipitates and X-ray diffraction patterns of the three alloys. As shown in Fig. 2(a) , Mg 2 Si precipitates, which are the main strengthening particles of the Mg added alloy, were observed in alloy A. Al 15 (Mn,Fe) 3 Si 2 intermetallic particles and Al 2 Cu precipitates were observed after addition of Mn and Cu, respectively, as shown in Figs. 2(b) and 2(c). Figure 3 shows the high temperature physical properties of an AlSiMg(Cu) casting alloy with the change in alloying elements. In particular, Figs. 3(a) and 3(b) present the thermal expansion coefficient and elastic modulus, respectively. The thermal expansion coefficient increased with increasing temperature to 350°C and then decreased with further increases in temperature. This can be explained by softening of the solid with increasing temperature > 0.7 T m (melting temperature), in which the general properties of the solid cannot be maintained. 13) Therefore, the reliability of the thermal expansion coefficient over 350°C is limited due to collapse of the solid. The thermal expansion coefficient decreased with increasing proportion of Si, Mn and Cu. In particular, the addition of Cu reduced the thermal expansion coefficient significantly at the same temperature and a stable state was obtained up to 350°C for alloy C, whereas this state was achieved at 250°C for alloys A and B. On the other hand, the elastic modulus decreased almost linearly with increasing temperature, and the elastic modulus increased as much as 3 GPa with increasing Mn and Cu content. Mn and Cu, which have relatively high temperature stability compared to Mg, restrict thermal expansion and increase the stiffness. Cu increases the age hardening precipitation of Al 2 Cu as well as that of Mg 2 Si for Mg, and Mn is an element in Al 15 (Mn,Fe) 3 Si 2 intermetallic particle formation. 14, 15) Therefore, these elements result in an increase in the elastic modulus at a given temperature. The next chapter discusses the high temperature stability of particles with elements. Figure 4 shows the high temperature hardness of the three alloy sets using a micro indenter. The initial hardness of alloys A and B was higher than that of alloy C because the T6 heat treatment was conducted for alloys A and B, whereas the T7 heat treatment was applied to alloy C. As the temperature was increased, the hardness tended to decrease and was reduced rapidly over 150°C for alloys A and B. On the other hand, with the addition of Cu to alloy C, the tendency of a hardness reduction decreased significantly and was maintained over 200°C.
Physical properties
Mechanical properties 3.3.1 Hardness
This phenomenon was attributed to the stability of the precipitate with chemical compounds. Exposure to temperatures > 150°C for an extended period results in severe coarsening of the precipitates, particularly for Mg hardened alloys, which has deleterious effects on strength. On the other hand, the stability of Al 2 Cu is believed to be retained over 250°C because the aging treatment was already performed at 250°C after a solution treatment, as shown in Table 1 . Figure 5 shows the DMA results as a function of temperature. DMA provides the general DTUL (deflection temperature under load), which is a standard method for evaluating the softening temperature of materials 16) but also provides dynamic mechanical structure information unattainable by DTUL. 17) DMA discerns the elastic and viscous components of deformation and provides a very sensitive profile of the viscoelastic properties, including storage modulus, loss modulus and tangent ¤, as they change with temperature, where tan ¤ is the ratio of the loss modulus to the storage modulus. Regarding the tangent ¤, an oscillatory strain deformation is applied to a sample, then the stress response of material is measured. As a result, the phase angle ¤, or phase shift, between the deformation and response was measured as a viscoelastic material response. The stress in a dynamic experiment is referred to as the complex stress ·* (= ·A + i·″), which can be separated into two components.
One is an elastic stress in phase with the strain, ·A = ·*cos ¤. ·A is the degree to which material behaves like an elastic solid. The other is a viscous stress out of phase with the strain, ·″ = ·*sin ¤. ·″ is the degree to which material behaves like an ideal liquid. Therefore, tangent ¤ represents the damping ability of the material caused by a change in the microstructure and precipitates. 17) For alloy A, as shown in Fig. 5(a) , the tangent ¤ value changed suddenly at 168°C, which suggests that the coarsening of Mg 2 Si particles affects the stiffness of the matrix, which is coincident with artificial aging being generally conducted at 160180°C for Mg hardened aluminum alloys. On the other hand, for alloy C, a change in tangent ¤ was observed near 277°C, which is the precipitation and growth temperature of Al 2 Cu. This can be in line with the results shown in Figs. 3 and 4 in that the addition of Cu contributes to the high temperature stability. Therefore, an increase in Cu content is effective because the key requirement of a cylinder head is to maintain the high temperature strength and low thermal expansion characteristics, which reduce the thermal fatigue damage.
Tensile property
Tensile tests were carried out to measure the mechanical properties of AlSiMg(Cu) with different chemical compositions and testing temperatures, and the results are presented in Fig. 6 . The yield strength and ultimate tensile strength of alloy A were 263 and 317 MPa, respectively, at room temperature, and 116 and 121 MPa at 250°C. Both the yield and tensile strength were not affected significantly by the Mn and Cu content in alloys at room temperature. On the other hand, the tensile properties at high temperatures (>200°C) showed a different tendency to that at room temperature, resulting in improved strength, particularly the yield strength. In alloy C, with increasing Cu content, the yield strength was improved up to 167 MPa and the tensile strength was 186 MPa at 250°C, as shown in Fig. 6 . This confirms the previous physical and mechanical properties due to coarsening of the precipitation phase of Mg 2 Si and the high temperature stability element effect of Cu. The elongation decreased with increasing proportion of the added content. This is believed to be in line with the requirements of a cylinder head alloy, i.e., low thermal expansion and deformation characteristics.
Fatigue property
LCF tests of the three alloys were conducted to evaluate the high temperature deformation resistance, which is the key factor of the automotive cylinder head. Figures 7 and 8 show the change in the hysteresis loop and peak stress according to the cyclic deformation at 250°C and a total strain range of «0.3% (¦¾ t = «0.3%). The change in the loop was analyzed at the start and half of the fatigue life (N f ), and the change in the tensile and compressive peak stress was measured during cycling. In the case of alloy A, the obvious cyclic softening behavior was observed, where the tension and compression peak stress decreased drastically at the initial cycling, and decreased gradually with the progress of cyclic deformation. For alloys B and C, the degree of cyclic softening decreased significantly and the peak stress was maintained by repeated deformation at high temperatures. The tensile peak stress and plastic strain range ("¾ p ) at the half of the fatigue life were respectively, 118 MPa and 0.251% for alloy C, 63 MPa and 0.426% for alloy A, and 99 MPa and 0.339% for alloy B. In particular, in alloy C, the peak stress was much higher than the other alloys and the plastic strain range decreased significantly under the given conditions. These results were in line with the tensile property, where the strength was maintained over 250°C because of the stability of the Al 2 Cu particle. Figure 9 shows the low cycle fatigue results of the three alloys over multiple temperature and strain ranges. The fatigue life was evaluated as a function of the plastic strain range using the Coffin-Manson relation, which revealed a higher temperature, larger elongation and longer fatigue life, as shown in Fig. 9(a) . If the fatigue life only is evaluated as the plastic strain range, the fatigue life might be distorted as a result of considering the increase in elongation due to an increase in temperature neglecting the strength of the material. 13 ) Therefore, when the fatigue life was evaluated as the hysteresis loop energy, which considers the strength and plastic strain of the materials under the given conditions, a similar low cycle fatigue life was observed without an increase in fatigue life due to the increase in temperature, as shown in Fig. 9(b) . In addition, the low cycle fatigue of alloy C revealed a similar life with increasing alloy content. This shows that other high temperature mechanical characteristics can be improved without deteriorating the fatigue features.
Conclusions
(1) A finer microstructure and uniform precipitation was observed with increasing Si, Mn and Cu concentrations in the AlSiMg(Cu) cast alloy. (2) With increasing Cu content at high temperatures, the thermal expansion coefficient decreased with a concomitant increase in the elastic modulus, hardness and tensile strength. The Al 2 Cu precipitate was stable over 250°C, whereas coarsening of the Mg 2 Si precipitation phase occurred at 170°C. 
